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0378-1119/© 2015 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oAvailable online 22 October 2015 The family A DNA polymerases from thermophilic bacteria are useful for PCR. The DNA polymerase from Thermus
aquaticus (Taq polymerase) was the original enzyme used when practical PCR was developed, and it has
remained the standard enzyme for PCR to date. Knowledge gained from structure-function relationship studies
of Taq polymerase is applicable to create PCR enzymes with enhanced performance. We collected the deduced
amino acid sequences of the regions frommotif A tomotif C in the family A DNA polymerases frommetagenomic
sequence data, obtained by sequencing DNAs from microorganisms isolated from various hot spring areas in
Japan. The corresponding regions of the polA gene for Taq polymerase were substituted with the metagenomic
DNA gene fragments, and various chimeric DNA polymerases were prepared. Based on the properties of these
chimeric enzymes and their sequences, we found an insertion sequence that affects the primer extension ability
of the family A DNA polymerases. The insertion sequence is located in the ﬁnger subdomain, and it may enhance
the afﬁnity of the enzyme to DNA. Mutant Taq polymerases with the corresponding 9 amino acid insertion
displayed enhanced PCR performance.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
DNA polymerases are useful for in vitro DNA manipulations, such as
DNA cloning, dideoxy-sequencing, DNA labeling, and mutagenesis, and
have contributed to the development of genetic engineering techniques.
Thermostable DNApolymerases are particularly notable as essential en-
zymes for polymerase chain reaction (PCR) and cycle-sequencing
(Perler et al., 1996; Terpe, 2013; Ishino and Ishino, 2014). The structures
and functions of DNA polymerases have been studied to understand
their fundamental roles inmaintaining genome integrity during replica-
tion and repair. The speciﬁc properties required for catalysis, including
processivity, synthesis accuracy, and substrate selectivity, are depen-
dent on the differences in the ﬁne structures of the enzymes. TheseT, wild type; PCR, polymerase
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. This is an open access article underfactors should be considered when evaluating a DNA polymerase as an
enzyme for genetic engineering (Ishino and Ishino, 2014). An enzyme
possessing a faster extension rate with better accuracy and higher
efﬁciency is more preferable. In addition to these catalytic properties,
thermostability is necessary for practical PCR.
DNA polymerases are now classiﬁed into seven families, based on the
amino acid sequences (Braithwaite and Ito, 1993; Ishino and Cann, 1998;
Ohmori et al., 2001; Lipps et al., 2003), and the family A enzymes are es-
pecially useful for dideoxy-sequencing and PCR. The DNA polymerase ob-
tained from Thermus aquaticus (Taq polymerase) is the standard enzyme
for PCR (Ishino et al., 1994), and is now used globally. The family A en-
zymes, including Taq polymerase, are advantageous for the efﬁcient am-
pliﬁcation of long DNA regions, although they lack the 3′-5′ exonuclease
for proofreading, which is associated with the family B enzymes. To ad-
dress this issue, LA (long and accurate)-PCR, performed with a mixture
of twoDNApolymerases, one each from family A and family B,was devel-
oped (Barns, 1994).
To isolate new DNA polymerases with higher PCR performance,
screening knownorganisms for a suitableDNApolymerase activity is con-
ventionally performed. However, the culturable organisms are limited,
and large-scale cultivation is needed to purify an enzyme to homogeneitythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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performance by protein engineering techniques, using site-speciﬁc or
randommutagenesis of the known DNA polymerases. Several useful en-
zymes were successfully produced by these procedures. A cold-sensitive
Taq polymerase was developed with markedly reduced activity at 37 °C,
whichmay be applicable to hot start PCR (Kermekchiev et al., 2003). Mu-
tant Taq polymerases have been developed with enhanced resistance to
various inhibitors of PCRperformance, includingwhole blood, plasma, he-
moglobin, lactoferrin, serum IgG, soil extracts, and humic acid (Ghadessy
et al., 2004; d'Abbadie et al., 2007; Kermekchiev et al., 2009; Baar et al.,
2011), and are useful for the ampliﬁcation of ancient DNA containing nu-
merous lesions. Mutational studies in the O-helix of Taq polymerase pro-
duced enzymes with reduced ﬁdelity (Suzuki et al., 1997; Suzuki et al.,
2000; Tosaka et al., 2001), which may be useful for error-prone PCR.
These studies provided novel Taq polymerases with different substrate
speciﬁcities, stabilities, and activities more efﬁciently than those generat-
ed by natural evolution.
In this study, we applied the metagenomic analysis of soil samples
obtained from a hot spring area to develop DNA polymerases with im-
proved PCR performance. Comparisons of the chimeric Taq polymerases
bearing the metagenomic DNAs with the wild type (WT) enzyme re-
vealed that an insertion sequence in the ﬁnger subdomain increases
the afﬁnity of the enzyme to the DNA template. The modiﬁed Taq poly-
merases with this insertion sequence will contribute to the develop-
ment of high-speed PCR with the standard PCR conditions optimized
for Taq polymerase.
2. Materials and methods
2.1. Enzymes, substrates and kits
Enzymes for in vitro DNA manipulation and oligonucleotides were
purchased from New England Biolabs (Ipswich, MA, USA) and Sigma
Genosys (Tokyo, Japan), respectively. The site-speciﬁc mutagenesis
was performed using a QuikChange II Kit (Agilent Technologies, Santa
Clara, CA, USA). An UltraClean Soil DNA Isolation Kit (MO BIO, San
Diego, CA, USA) was used for DNA extraction.
2.2. Construction of the expression plasmid for chimeric Taq polymerases
The samplings were performed at several major hot spring areas,
Koyasukyo, Onikobe, Beppu, Kirishima, Ibusuki, and Nasu, in Japan.
The extraction of DNA from the environmental samples and the
construction of the expression plasmids for chimeric Taq polymerases
were performed as described previously (Yamagami et al., 2014).
In brief, a region of the pol genes was ampliﬁed directly from the
environmental DNA by PCR, using a primer set with the sequences
5′-dCGCAGGCTAAGCAGCTCCGAYCCHAACYTSCARAAYATHCC and
5′-dGAGYAAGATCTCRTCGTGNACYTG. The degenerate codons corre-
spond to the conserved regions, DPNLQNIP (forward) and QVHDEIL
(reverse), respectively (Y indicates C and T; H indicates A, C, and T; S in-
dicates C and G; R indicates A and G; N indicates A, G, C, and T). The BlpI
and BglII recognition sequences are underlined in the above primers.
DNA fragmentswith a 600 bp length, ampliﬁed from the environmental
DNA by PCR, were introduced into pTV-Taq', the expression plasmid for
Taq polymerase harboring the BlpI and BglII sites (Yamagami et al.,
2014). The sequences of the metagenomic DNA fragments were
determined and multiply aligned (Yamagami et al., 2014). The se-
quences that are directly involved in this study have been deposited
in the DDBJ database, and the accession numbers are provided in the
legend to Fig. 2.
2.3. Construction of the Ins1 and Ins2 Taq polymerases
The Taq polymerase expression plasmid, pTV-Taq (Yamagami et al.,
2014), was subjected to site-speciﬁc mutagenesis to introduce 9 aa(GPGQAPRRL and GPRRAPRRL for Ins1 and Ins2, respectively) between
Arg736 andVal737 ofWT Taq polymerase. The sequences of the primers
used for mutagenesis are as follows: ins1-F, 5′dGACCTAGAGGC
CCGGGGCCCGGGCCAGGCGCCGCGTCGTCTGGTGAAGAGCGTGCGG-3′;
ins1-R, 5′-dCCGCACGCTCTTCACCAGACGACGCGGCGCCTGGCCCGGGC
CCCGGGCCTCTAGGTC-3′; ins2-F, 5′-dGACCTAGAGGCCCGGGGCCCGC
GCCGGGCGCCGCGTCGTCTGGTGAAGAGCGTGCGG-3′; ins2-R, 5′-dCCG
CACGCTCTTCACCAGACGACGCGGCGCCCGGCGCGGGCCCCGGGCCTCT
AGGTC-3′. Themutation sites are underlined. The entire Taq polymerase
gene was fully sequenced, to ensure that the mutation of interest was
present and that no additional mutation was introduced.
2.4. Puriﬁcation of wild type and mutant DNA polymerases
The production of the WT and mutant Taq polymerases in
Escherichia coli JM109 cells was performed as described previously
(Yamagami et al., 2014). TheWT Taq polymerasewas puriﬁed essential-
ly according to the previous procedure (Yamagami et al., 2014). For the
puriﬁcation of the Ins1 and Ins2 Taq polymerases, the E. coli soluble cell
extract was heated at 75 °C for 30 min. The heat-stable fraction was
treated with 0.15% (w/v) polyethyleneimine in the presence of 1 M
NaCl, to remove the nucleic acids. The soluble proteins were precipitat-
ed by 80%-saturated ammonium sulfate. The precipitate was dialyzed
against 50 mM Tris–HCl buffer, pH 8.0, containing 50 mM NaCl, and
was subjected to afﬁnity chromatography (HiTrap Heparin HP, 1 ml,
GE Healthcare) with a gradient of 50 mM–1 M NaCl in the same buffer.
The fractions eluted at 0.5MNaClwere combinedwith an equal volume
of a 2 M ammonium sulfate solution, and subjected to chromatography
on a hydrophobic column (HiTrap Phenyl HP, 1ml, GE Healthcare)with
a gradient of 1–0 M ammonium sulfate in 50 mM Tris–HCl, pH 8.0. The
proteins that eluted at 0M ammonium sulfate were stored at−25 °C as
the ﬁnal sample, in 20mMTris–HCl, pH 8.0, 100mMKCl, 0.1mMEDTA,
1 mM DTT, 0.5% NP-40, 0.5% Tween 20, and 50% (w/v) glycerol.
2.5. Primer extension activity
The primer extension ability was investigated by using M13mp18
ssDNA annealed with a 32P-labeled deoxyoligonucleotide primer (5′-
dTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACA
ATTC-3′). The reaction mixture, containing 20 mM Tris–HCl, pH 8.8,
5 mM MgCl2, 14 mM 2-mercaptoethanol, and 0.2 mM dNTP, was
mixed with 0.0025 unit/μl chimeric Taq polymerase or 0.08 nM recom-
binant Taq polymerase. The amounts of the primed M13mp18 ssDNA
were 2.5 nM for the chimeric Taq polymerase and 5 nM for the recom-
binant Taq polymerase. The reaction mixtures were incubated at 74 °C,
and were analyzed by alkaline agarose gel electrophoresis followed by
autoradiography.
2.6. Electrophoretic mobility-shift assay
The electrophoretic mobility-shift assay (EMSA) was performed
using the 32P-labeled 27mer oligonucleotide (5′-dAGCTATGACCATGA
TTACGAATTGCTT-3′) annealed with the 49mer oligonucleotide (5′-
dAGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-
3′) as a primed DNA substrate. The substrate DNA (3 nM) was mixed
with the Taq polymerase proteins (0.4–400 nM) in a 20 μl solution, con-
taining 20 mM Tris–HCl, pH 8.8, 10 mM NaCl, 5 mMMgCl2, 14 mM 2-
mercaptoethanol, 0.1 mg/ml BSA, and 5% (w/v) glycerol, and incubated
at 40 °C for 5 min. The DNA–enzyme mixtures were fractionated by 1%
agarose gel electrophoresis in 0.1 × TAE, and the gel was subjected to
autoradiography.
2.7. PCR
The primers designed to amplify the 2 kb fragment, LF (5′-d AATTCT
AAGCGGAGATCGCCTAGTG-3′) and LR2 (5′-d CGCTTTCATCCGGCACAG
Fig. 1. Analyses of the chimeric Taq polymerases. A, Representative primer-extension ac-
tivities ofWT and chimeric Taq polymerases. Primed DNA (2.5 nM) and 0.0025 unit/μl chi-
meric Taq polymerase were incubated at 74 °C for 5 min, and the reaction products were
applied to the alkaline agarose gel electrophoresis. The sizes indicated on the left are from
BstPI-digestedλ phageDNA labeledwith 32P at each5′ end (lane 1). The reaction products
were loaded onto lanes 2–8 (lanes 2–7 are from the chimera Taq polymerases and lane 8 is
fromWT Taq polymerase). The names of the clones with the 9 aa-insertions and WT Taq
polymerase are indicated on the top. B, EMSA of WT and chimeric Taq polymerases
using 32P-labeled primed DNA. The names of the proteins are indicated on the top of
each panel. Lane 1 had no protein. Lanes 2–7 contained 0.4, 1.6, 6, 25, 100, and 400 nMen-
zyme, respectively. C, The crystal structure ofWT Taq polymerase (PDB, 1TAU). The 5′ to 3′
exonuclease domain is not illustrated, for clarity. The polymerase domain is composed of a
right handwith ﬁnger, palm, and thumb subdomains (Eom et al., 1996). The loop (Ala735,
R736, and V737) is colored magenta, and the putative insertion in the ﬁnger domain is
shown by the blue line. The insertion sequence is colored blue.
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nanograms of the template DNA and 20 pmol of each primer were
added to the standard PCR mixture (total volume 50 μl with 10 mM
Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM each dNTP and
8 nM Taq polymerase), and 20 cycles were run (94 °C for 10 s and 64
°C for 15 s). The band intensities were quantiﬁed by scanning the
EtdBr-stained gel, using an image analyzer (LAS-3000 mini; Fuji Film,
Tokyo, Japan).
3. Results
3.1. An insertion sequence in the ﬁnger subdomain of the family A DNA
polymerases
In our previous report, we substituted the region from Val586–
Leu781 (196 aa residues) ofWT Taq polymerase with the fragments de-
rived from environmental DNA, to produce chimeric Taq polymerases
(Yamagami et al., 2014). Some chimeric Taq polymerases displayed
higher primer extension rates than WT Taq polymerase (Fig. 1A), and
a 9 aa insertion, GPGQAPRRL, was found in the clone numbers KA13-8
and A3-9 among them. This insertion region was closed up within the
substituted 196 aa sequences in Fig. 2. The 9 aa insertion apparently
confers higher afﬁnity for the DNA substrate, as shown by the EMSA
(Fig. 1B). This insertion is located on the loop between two α-helices
in the ﬁnger subdomain in the crystal structure of Taq polymerase and
it may contribute to increase afﬁnity to DNA strand (Fig. 1C). The two
chimera polymerases from the two clones, KA13-8 and A3-9, were fur-
ther evaluated, but the thermostability was not enough for application
to PCR (data not shown). These data led us to create mutant Taq poly-
merases with this insertion (Fig. 2). We inserted the 9 aa between
Arg736 and Val737 in theWT Taq polymerase. Furthermore, to increase
the afﬁnity to the DNA strand, the 3rd and 4th amino acids of the inser-
tion sequence (Gly-Gln) were substituted with Arg–Arg. These mutant
Taq polymeraseswere designated as the Ins1 Taq and Ins2 Taq polymer-
ases (Ins1-Taq and Ins2-Taq), respectively.
3.2. Puriﬁcation of the mutant Taq polymerase with the 9 aa insertion
The mutant Taq polymerases containing the additional 9 aa,
GPGQAPRRL (Ins1) or GPRRAPRRL (Ins2), were puriﬁed as the recombi-
nant proteins. The puriﬁed proteins were evaluated by SDS-PAGE, as
shown in Fig. 3. The puriﬁcation procedures for Ins1-Taq and Ins2-Taq
were modiﬁed from that for WT Taq polymerase as described in Mate-
rials and Methods to prevent degradation during the procedure.
3.3. In vitro primer extension ability
The enzymatic abilities of themutant Taq polymeraseswere evaluat-
ed to determine their application value. The puriﬁed Taq polymerases
were subjected to an in vitro primer extension reaction. The lengths of
the reaction products from three reaction times were compared, using
alkaline agarose gel electrophoresis. As shown in Fig. 4, both Ins1-Taq
and Ins2-Taq produced longer DNA strands, as compared with WT Taq
polymerase. Unexpectedly, no difference was observed in the primer
extension abilities between Ins1-Taq and Ins2-Taq.
3.4. DNA binding ability
To investigate the DNA substrate afﬁnity of each polymerase, an
EMSA was performed using a 32P-labeled oligonucleotide mimicking
the template primer. As shown in Fig. 5, the insertion mutant Taq
polymerases clearly showed stronger DNA binding than theWT Taq po-
lymerase. Furthermore, Ins2-Taq boundDNAmore efﬁciently than Ins1-
Taq, as originally expected when it was designed. The stronger afﬁnity
to DNA should be advantageous for Ins2-Taq to perform DNA strand
synthesis, and further comparisons may provide more speciﬁc results.3.5. PCR performance
Ins1-Taq and Ins2-Taq seemed to be as thermostable as thewild type
enzyme, as assessed from the puriﬁcation procedure and the reaction
times described above. Therefore, the PCR performances of the enzymes
Fig. 2. Alignment of the aa sequences in the region with the 9 aa insertions of chimeric Taq polymerases. The chimeric Taq polymerases with faster extension rates than that of WT were
analyzed. The alignmentwasperformedwithMAFFT (http://mafft.cbrc.jp/alignment/software/). The consensus residues inmotif 6 are indicated inwhite on a black background. The num-
bers on the top indicate the amino acid positions of WT Taq polymerase. The sequences of the region, in which the 9 aa is inserted, are shown within the substituted 196 aa for making
chimera Taq polymerases. The DDBJ accession numbers of the nt sequences of the clones are LC002849, 73-4; LC002850, KA13-8; LC002851, 66-20; LC002852, 21G-13; LC002853, 66-
13; LC002854, 58-11; LC002855, KA13-9; LC002856, A3-3; LC002857, B8-8; LC002858, B9-8; LC002859, B9-17; LC002860, B8-4; LC002861, A3-9; LC002862, C3-19; LC002863, B2-16;
LC002864, 23-4; LC002865, B8-2; LC002866, B3-3; LC002867, B3-17; LC002868, 26-4; LC002869, 26-35; LC002870, 26-7; LC002871, B1-8; LC002872, B1-10; LC002873, B1-1;
LC002874, 66-2.
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sentative PCR experiment, in which a 2 kbp region of the target DNA
was ampliﬁed with a very short extension reaction time (15 s), is
shown in Fig. 6A. Three enzymes, WT, Ins1-Taq, and Ins2-Taq, were
compared in parallel under exactly the same PCR conditions, and the
ampliﬁed DNA fragments were quantiﬁed. As shown in Fig. 6B, clear
differences were consistently observed between the wild type and the
insertion mutants, although no meaningful difference was detected
between Ins1-Taq and Ins2-Taq. These results indicated that the 9 aa
insertion made Taq polymerase more suitable for PCR.Fig. 3. Preparation of recombinant Taq polymerases. The protein markers (lane 1) and the
puriﬁed proteins, WT (lane 2), Ins1-Taq (lane 3), and Ins2-Taq (lane 4), were subjected to
SDS-10% PAGE followed by CBB staining. The sizes of themarkers are indicated on the left
of the panel.
Fig. 4. Primer extension activities of the WT and mutant Taq polymerases. The recombi-
nant Taq polymerases were analyzed. The names of the Taq polymerases are indicated
on the top. The reaction mixtures were incubated at 74 °C for 2.5 (lanes 2, 5, and 8),
5 (lanes 3, 6, and 9), and 10 min (lanes 4, 7, and 10), and the products were analyzed by
0.7% alkaline agarose gel electrophoresis, followedby autoradiography. The sizes indicated
on the left are from 1 kb-ladder DNA (NEB) labeled with 32P at each 5′ end (lane 1).
Fig. 5.DNAbinding abilities of recombinant Taq polymerases. TheprimedDNA (3nM)was
incubated with various concentrations of proteins. The names of the Taq polymerases are
indicated on the top of each panel. Lane 1 had no protein. Lanes 2–7 contained 0.4, 1.6, 6,
25, 100, and 400 nM protein, respectively. The DNA–protein mixtures were fractionated
by 1% agarose gel electrophoresis in 0.1 × TAE, followed by autoradiography using an
image analyzer (Typhoon Trio+; GE Healthcare).
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The development of in vitro DNAmanipulation techniques provides
new strategies to analyze the microorganisms inhabiting various envi-
ronments, without cultivation. This revolutionary technique, now called
metagenomic analysis, is rapidly being adopted in the research ﬁeld of
molecular ecology. The direct preparation of DNA from environmental
samples has revealed an abundance of unidentiﬁed microorganisms
living in the places where the samples were obtained. Therefore, the
metagenomic DNAs should be valuable genetic resources.
DNA polymerase is one of the most important enzymes for in vitro
gene manipulations, and useful enzymes have high commercial values.
The application of metagenomic techniques to isolate useful DNA poly-
merases has been fruitful. A successful example is the discovery of a
thermostable DNApolymerase possessing reverse transcriptase activity,
in a viral metagenomic library prepared from a Yellowstone hot spring
sample (Schoenfeld et al., 2008; Moser et al., 2012). Novel family A
DNA polymerases were also identiﬁed by shotgun metagenomics of a
marine virioplankton, although the biochemical characterizations have
not been performed (Schmidt et al., 2014). DNA polymerase is also an
important enzyme for fundamental living phenomena, such as DNA
replication and repair in living cells, and thereforemetagenomic studiesFig. 6. PCR performances of WT and mutant Taq polymerases. A, The ampliﬁed products
(2 kb)were analyzed by1% agarose gel electrophoresis. The names of the Taq polymerases
are indicated on the top. Lane m is a 1 kb DNA-ladder (NEB). B, Quantiﬁcation of the band
intensities was performed by scanning the EtdBr-stained gel, using an image analyzer
(LAS-3000 mini; Fuji Film, Tokyo, Japan). The relative amounts of the products were
calculated from three independent experiments, and are shown with standard errors.of DNA polymerases will contribute toward clarifying the virus-host
relationships in biogeochemical cycles.
Due to major interest in both basic and applied research areas,
numerous structural and functional studies of DNA polymerases have
been performed. Searching metagenomic DNA for genes encoding
useful DNA polymerases for genetic engineering is a promising ap-
proach. However, it is difﬁcult to isolate an entire gene encoding a
full-length DNA polymerase from a metagenomic DNA sample. We de-
veloped a strategy to make chimeric DNA polymerases, by substituting
part of the protein with the metagenomic DNA-encoded sequences
(Yamagami et al., 2014). In this study, we created improved PCR en-
zymes that provide superior extension reactions as compared to the
WT Taq polymerase, the standard enzyme for PCR. We focused on the
hot spring soil samples as good resources to provide genes for thermo-
stable DNA polymerases. In fact, many new sequences encoding parts of
family A and family B DNA polymerases were obtained from the
Japanese hot spring soil samples (Matsukawa et al., 2009; Yamagami
et al., 2014). We constructed chimeric enzymes between Taq polymer-
ase and the various polA gene products from the metagenomic DNAs,
and found many chimeric polymerases possessing excellent primer ex-
tension ability in vitro. The amino acid sequence comparison of the chi-
meric polymerases provided an important clue to design a mutant Taq
polymerase with superior speed for the primer extension reaction, by
site-speciﬁc mutagenesis. We focused on positions 742 and 743 in the
previous study. The conversion of the electrostatic environment at this
position, from a negative to positive charge, affected the PCR perfor-
mance (Yamagami et al., 2014). In this study, we focused on another re-
markable feature in the sequences of the chimeric enzymes with faster
extension reactions than the WT Taq polymerase. These enzymes have
an insertion of either 9 or 3 aa between positions 736 and 737 of Taq po-
lymerase (Fig. 2). Therefore, we made mutant Taq polymerases with 9
aa insertions, GPGQAPRRL or GPRRAPRRL, between R736 and V737.
These mutant Taq polymerases actually showed faster strand synthesis
and better PCRperformances as comparedwith theWT Taq polymerase.
The basis of these improvements is probably the increased afﬁnity to
DNA conferred by the 9 aa insertion. Positively charged Arg substitu-
tions in the 9 aa insertionwere expected to further increase the afﬁn-
ity to DNA. However, this strategy has not generated a more suitable
PCR enzyme so far. The ﬁdelity of the DNA synthesis reaction is also
very important. Our preliminary data revealed that the mutation fre-
quencies of the mutant Taq polymerases are not different from that
of the WT Taq polymerase, and thus the 9 aa insertion does not
seem to affect the ﬁdelity of Taq polymerase (data not shown). We
will conﬁrm the ﬁdelity with more experiments and provide statisti-
cal data in the future. In addition, the other chimera Taq polymerases,
which showed faster extension reaction as shown in Fig. 1A, will be
further analyzed in our continuous research. Furthermore, we have
been analyzing the sea environment around Japan by using the shot-
gun metagenomic whole sequencing technique. The sample sources
are not from hot environment, but the collections of the bacterial
polA genes will reveal new sequence features, which may provide
us clues to create more useful family A DNA polymerases by protein
engineering.
In conclusion, we found that some of the family A DNA polymerases
deduced from themetagenomicDNAshave a 9 aa insertion in the region
corresponding to the ﬁnger subdomain of Taq polymerase. The mutant
Taq polymerases containing the 9 aa insertion showed robust PCR
performances that were better than that of Taq polymerase. Since Taq
polymerase is the standard enzyme used for PCR, the enzymes created
in this study are applicable to many uses that have already been
optimized with Taq polymerases.
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